Abstract The eclogitic Adula nappe of the Central Alps (cantons Graubünden and Ticino, Switzerland) displays an exceptionally complex internal structure with the particularity of enclosing numerous slices of Mesozoic cover rocks (Internal Mesozoic) within the Palaeozoic gneiss basement. This study is principally based on detailed lithological and structural mapping of selected areas of the northern Adula nappe. Specific focus was placed on the Mesozoic slivers embedded in pre-Mesozoic basement (Internal Mesozoic). The most pervasive structures are related to the Zapport deformation phase that is responsible for the development of a fold-nappe and ubiquitous northdirected shear. Locally, the structures in the upper and frontal part of the nappe can be assigned to the older ductile Ursprung phase. These earlier structures are only compatible with top-to-S shear movement. The superposition of the Ursprung and Zapport phases is responsible for the north-dipping internal duplex-like structure and the sliced aspect of the Northern and Central Adula nappe. We conclude that the Adula nappe represents a major shear zone involving the entire nappe and responsible for the emplacement of the Lower Penninic sediments and the Middle Penninic nappes in the eastern part of the Lepontine Dome.
Introduction
Eclogitic rocks in mountain belts are commonly associated with a suture zone tracing old subduction zones (Ernst 1971; Dal Piaz et al. 1972; Ernst 1973) . Nappes containing eclogite relicts are found in the following structural positions in the Western and Central Alps: the Upper Penninic nappes, which represent the suture of the main branch of the Alpine-Tethys Ocean, and the more enigmatic eclogitic zone of the Lower Penninic nappes, which formed during the closure of the North Penninic paleogeographic domain (Oberhänsli 1994) . The Adula nappe, situated in Switzerland on the boundary between cantons Graubünden and Ticino, is the most important eclogitic nappe amongst the Lower Penninic nappes. The present paper contributes towards a better understanding of the present-day geometry of the Adula nappe and the different deformation phases that have affected it. The northern Adula nappe is crucial to deciphering the kinematics of the nappe stack in the Lower Pennine zone.
The subduction-related high-pressure metamorphic conditions in the Adula nappe have been extensively studied (Heinrich 1986; Löw 1987; Meyre et al. 1999; Nagel et al. 2002a; Dale and Holland 2003; Hermann et al. 2006; Zulbati 2008 Zulbati , 2010 . However, the structures related to the exhumation of the high-pressure rocks are still not well understood (Nagel 2008) . Similarly, the overall geometry of the nappe produced by successive deformation phases has not been clearly described.
The structural complexity of this region requires a detailed multi-scale investigation. This study is mainly based on a detailed geologic and structural mapping of several representative key areas in the northern Adula nappe. Recent lithostratigraphic studies allow for a better understanding of map-scale structures and the stratigraphic significance of the infolded Mesozoic cover (CavargnaSani et al. 2010 (CavargnaSani et al. , 2014 Galster et al. 2012 ).
Geological setting
The Adula nappe is located in the eastern part of the Lepontine Dome and is one of the uppermost crystalline nappes in the Lower Penninic stack. This nappe is located on top of the Simano nappe (Fig. 1a, b) . The two nappes are separated by a thin band of Mesozoic rocks and by the Soja nappe (Fig. 2) , which is composed of basement rocks with a Triassic sedimentary cover (Egli 1966; Galster et al. 2010) .
Several nappes and slices, composed mainly of Mesozoic sediments, crop out at the front of the Adula nappe, limited to the northwest by the Gotthard nappe. The various tectonic slices of the Grava nappe and the Terri-Lunschania zone are adjacent to sediments associated with Helvetic units (Baumer et al. 1961; Figs. 1, 2) . Structurally, the Grava nappe and the units of the Terri-Lunschania zone are presently found underneath the front of the Adula nappe, but they must be rooted between the Adula nappe and the overlying Tambo nappe according to their stratigraphy and structure (Voll 1976; Galster et al. 2012) . The stratigraphy of the Triassic series of the Terri-Lunschania zone evidences a lateral transition between the Helvetic and Briançonnais domains and the stratigraphy of the Jurassic series of these units reveals a complex basin opening history (Galster et al. 2010 (Galster et al. , 2012 . The Grava nappe is mainly composed of North Penninic calcschists (Bündnerschiefer).
The Middle Penninic Tambo, Suretta and Schams nappes, structurally above the Adula nappe, are characterized by Briançonnais and Subbriançonnais type stratigraphy (Baudin et al. 1995; Rück 1995) . The Adula nappe is separated from the Middle Penninic nappes by the Misox zone (Figs. 1, 2) . This zone is made up of several nappes and slices (i.e., the Aul, Tomül and Grava nappes), composed mainly of metasedimentary clastic rocks (Bündnerschiefer) that were deposited in the North Penninic basin, and additionally of a few Jurassic ophiolitic rocks (Gannser 1937; Steinmann 1994; Liati et al. 2005) . The Lower and Upper Valser slices lie directly on top of the Adula nappe and form the base of the Misox zone. They are composed of slices of various rock types such as gneiss, meta-basites, marble and calcschists (Steinmann 1994) .
The southern part of the Adula nappe is separated from the Tambo nappe by the Forcola normal fault (Meyre et al. 1998 ; Fig. 1 ). Often, the Adula nappe is considered to be connected to the Gruf complex (e.g. Schmid et al. 1996) . However, Galli et al. (2011 Galli et al. ( , 2013 provided evidence that Gruf and Adula form two independent tectonic units. The (ultra-)high-pressure Cima Lunga unit is interpreted as being part of the Adula nappe based on its lithological similarity and structural position. However, Quaternary sediments in the valley of the Ticino river mask their connection.
The Adula nappe is famous for its metamorphic rocks and the occurrence of well-preserved eclogites and highpressure metapelites. The peak P-T-conditions of highpressure metamorphism in the Adula nappe increase from north to south. In the northern region (Vals area), the pressure and temperature peak conditions have been determined by various authors: 1.0-1.3 GPa and 450-550°C (Heinrich 1986; Löw 1987 ); 1.7 GPa and 580-640°C (Dale and Holland 2003) ; and *1.9 GPa and *580°C (Zulbati 2010) . In the central part of the nappe (Alp da Confin, Alp da Trescolmen), the peak conditions are estimated at *2.2 GPa and *650°C (Heinrich 1986; Meyre et al. 1999; Dale and Holland 2003) . In the southern part of the Adula nappe (Monte Duria garnet peridotites) and in the Cima Lunga nappe, the peak conditions reach *3.0 GPa and *800°C (Heinrich 1986; Nimis and Trommsdorff 2001, Hermann et al. 2006) .
The units surrounding the Adula nappe have recorded subduction-related metamorphism of blueschist grade (Bousquet et al. 2002; Wiederkehr et al. 2008) . The Misox zone between the Adula and Tambo nappes experienced a high-pressure metamorphic event of upper blueschist to eclogitic grade, as determined by the presence of eclogite preserved within the basic rocks (e.g., ''Neu Wahli'' outcrop; Gansser 1937; Santini 1992) . The metasedimentary rocks northwest of the Adula nappe experienced highpressure-low-temperature metamorphism at approximately 1.2-1.4 GPa and 350-400°C, as evidenced by Mg-carpholite and chloritoid occurrences (Bousquet et al. 2002; Wiederkehr et al. 2008 Wiederkehr et al. , 2011 . The Tambo nappe recorded peak pressure conditions of *1.0-1.3 GPa and temperatures ranging from 400°C in the north to 550°C in the central part of the nappe (Baudin and Marquer 1993) . Peak pressure in the Simano nappe has been estimated at 1.0-1.2 GPa (Rütti 2003) .
Subsequent to the high-pressure overprint, the Adula and surrounding nappes underwent Barrovian metamorphism ranging from greenschist facies in the north to upper amphibolite facies in the south. These conditions were reached along a single continuous P-T loop starting at high-pressure conditions (Löw 1987; Engi et al. 1995; Meyre et al. 1999; Nagel et al. 2002b; Dale and Holland 2003; Zulbati 2008) . The isogrades related to Barrovian metamorphism crosscut the Adula nappe and surrounding nappes, although reached through different P-T paths, suggesting a thermal peak which post-dated nappe emplacement (see details in Nagel 2008 Paglia antiform L u n s c h a n ia a n ti fo rm C a ra s s in o a n ti fo rm b Cross-section of the Eastern Lepontine Alps. Data are acquired from this work for the northern Adula nappe and compiled from Schmid et al. (1996) , Nagel et al. (2002a) , Berger et al. (2005) , Galli et al. (2013) and Galster et al. (2012) . The legend is the same as in (a) for the tectonic units outside the Adula nappe. The trace of the cross-section is indicated on the map (a)
The difference in peak pressure conditions between the Adula nappe and the structurally higher nappes (e.g. Tambo nappe) is the main argument for proposing an extrusion model for the emplacement of the Adula nappe (e.g., Schmid et al. 1996) . However, the conversion of the high-pressure record to burial depth has recently been questioned. The high-pressure values estimated in the Adula nappe can also be partly explained by tectonic overpressure (Petrini and Podladchikov 2000; Mancktelow 2008; Schmalholz and Podladchikov 2013; Pleuger and Podladchikov 2014) , questioning the extrusion model.
The age of high-pressure metamorphism in the Adula nappe has been the subject of recent debates (Liati et al. 2009; Zulbati 2010; Herwartz et al. 2011 ). In the northern part of the nappe, P-T estimates were obtained from Mesozoic metapelites in the Hennasädel locality (Fig. 2; Löw 1987; Zulbati 2008; Wiederkehr et al. 2011) . The Alpine age of this metamorphism is certain. Nevertheless it appears that at least some of these eclogites were part of the Palaeozoic basement and hence exhibit a polymetamorphic history. Liati et al. (2009) dated the high-pressure metamorphism to the Devonian and mid-Carboniferous, based on the analysis of zircon metamorphic rims. They reported an Alpine age of 30-32 Ma for the peak temperature conditions in zircons of the central part of the nappe. Herwartz et al. (2011) obtained Carboniferous as well as Eocene ages for eclogitic garnets in the central part of the nappe. This finding confirms the presence of Alpine eclogites in the Palaeozoic mafic rocks of the central Adula nappe.
The Adula nappe has its own Mesozoic sedimentary cover sequence that is locally deeply infolded within the basement (Heim 1891; Jenny et al. 1923) , classically called Internal Mesozoic (Heim 1891; Heinrich 1983 ). In the Jurassic, the paleogeographic position of the Adula domain is located at the distal European (southern Helvetic) margin (Steinmann 1994; Cavargna-Sani et al. 2010; Galster et al. 2012) .
The Adula basement is composed of several Palaeozoic formations (undifferentiated paragneisses in Fig. 2) , as outlined by Cavargna-Sani et al. (2014) and briefly described below. The Salahorn Fm. is composed of Cambrian sediments associated with a few orthogneisses. The Trescolmen Fm. is most likely a chaotic metamorphic formation composed of meta-basaltic blocs in a metapelitic matrix. The ages (U/Pb on zircons) obtained in this chaotic formation span from 460 to 370 Ma. The Garenstock augengneiss and the Rossa orthogneiss are Ordovician granites (grouped as Ordovician orthogneisses in Fig. 2 ). The Heinisch Stafel Fm. is composed of Ordovician volcanoclastic sediments. The Permian Zervreila granite is intrusive into the pre-structured basement formed by juxtaposition of the formations presented above (Fig. 2) . The complex pre-Mesozoic evolution of the Adula basement needs to be considered when studying the Alpine structures. The monocyclic Permian granites and the Mesozoic sediments are good markers for separating the Alpine deformations features from older ones.
A description of the larger regional setting of the Lepontine Alps can be found in Steck et al. (2013) , as well as in the explanatory notes of Berger et al. 2005 to the tectonic map of Berger and Mercolli (2006) .
Structures of the northern Adula nappe

Introduction
The overall structure of the Adula nappe is a north-vergent fold-nappe rooted between the zone of Orselina-Mergoscia-Bellinzona and the Simano nappe ( Fig. 1b ; Jenny et al. 1923; Schmid et al. 1996) . The nappe is refolded by southverging post-nappe folds in the southern region ( Fig. 1b ; Nagel et al. 2002a ). The exceptionally complex geometry and the presence of the Internal Mesozoic are distinctive features of the internal structure of the Adula nappe.
The Alpine deformation phases are listed below and will be detailed in the following chapters. The Ursprung phase (D U ) is the earliest phase that has been observed. Löw 1987 ) mainly forms the northwest-vergent antiform at the front of the nappe. The deformation phases described above all affect the Palaeozoic basement, the younger Permian granites and the Mesozoic sediments; they are unambiguously the product of the Alpine deformation.
Within the northern Adula nappe, the Zapport Valley area, the Hennasädel area and the Plattenberg area are of primary importance to the understanding of the structure b Fig. 2 Geological map of the northern Adula nappe. New area mapped by M. Cavargna-Sani (this work) and compilation of maps from Jenny et al. (1923) , Kündig (1926) , Van der Plas (1959) , Egli (1966) , Frey (1967) , Pleuger et al. (2003) , Berger and Mercolli (2006) , Arnold et al. (2007) and Swisstopo (2012) . Maps in the unpublished Diploma and MSc theses mentioned in the Acknowledgements have also been consulted. The coordinate system is the kilometric Swiss grid (CH 1903) . Rectangles indicate the detailed map location ( (CH 1903) and geometry. A general map and the location of these key area, which were mapped in detail, are shown in Fig. 2 and are described in the following sections.
Zapport Valley
The Zapport Valley area ( (Fig. 5b ). F U folds are isoclinal and range from a few centimetres to map-scale in amplitude. The fold axes are approximately north-south, almost certainly reoriented parallel to L Z . These folds form type 3 (Ramsay 1967) fold interference patterns with the subsequent F Z folds (Fig. 5c ). The folds of the D U phase show a relict schistosity refolded in their hinges ( Fig. 5c ) most likely related to an early shearing related to the same phase (Ramsay and Allison 1979) . S U is the axial surface schistosity of the previously described folds (Fig. 5a , c). It can also be found as a relict structure refolded in the hinges of the F Z (Fig. 5c, d ).
F Z forms an isoclinal recumbent west-closing fold at the scale of the whole Zapport valley section (Fig. 4) with a north-south fold axis parallel to L Z (Figs. 3, 5b) . These folds refold the earlier D U structures (Fig. 5b, c) . S Z forms the axial plane schistosity associated with F Z , forming the main fabric in this area. The schistosity carries a northsouth oriented mineral lineation associated with top-to-N shear criteria (principally sigma structures).
In Zapport valley, D L is expressed by centimetre-to decametre-scale, open to closed, north-to northwest-vergent folds (Fig. 5d ). The fold axes plunge towards the east to north-northeast (see map, Fig. 2 
Hennasädel
Hennasädel hill is located on the southeast slope of the Upper Valsertal, above the Zervreila dam. This area is represented on the 1:25,000 Swisstopo atlas map Vals (Arnold et al. 2007 ). The hill was mapped at a 1:5,000 scale ( Fig. 6 ) to provide a better lithostratigraphic and structural understanding. The cross-section (Fig. 7) is drawn perpendicular to the F Z fold axes and L Z . The Hennasädel exposes one of the most interesting sequences of the Adula Internal Mesozoic. The Mesozoic series of the Hennasädel represent the sedimentary cover of the Adula nappe, with clearly identified sedimentary formations. The lithostratigraphy is Fig. 6 Geological map of the Hennasädel area. The coordinate system is the metric Swiss grid (CH 1903) described in detail in the Electronic Supplementary Material 1 and 2 and in Galster et al. (2012) . The Mesozoic series are in stratigraphic contact with the pre-Triassic Heinisch Stafel Fm. and the Garenstock augengneiss briefly described in the introduction.
F Z -F U fold interference patterns can be observed both at the outcrop scale (Fig. 8 ) and map scale (Fig. 7) . The major map scale F U is identified based on stratigraphic and structural (i.e., second order folds) criteria (Fig. 8a, b) . This F U syncline is the first-generation fold in the Hennasädel outcrop. It is associated with a S U schistosity (Fig. 8b) . The most obvious structure of the Hennasädel is an F Z isoclinal recumbent southeast-closing fold with the Garenstock augengneiss in its core (Fig. 7) . This structure folds the F U syncline described above. Several secondorder F Z folds are associated with the map-scale first-order fold.
Synclines underlined by Triassic dolomites are frequent between Hennasädel and Wissgrätli (Fig. 2) . The stratigraphic contact with the basement is frequently marked by Triassic quartzites. These synclines are essentially F Z folds that close to the southeast in accordance with the general facing direction of these folds towards the northwest. A stretching lineation plunging towards the northeast is related to the D Z deformations. The shear sense observed parallel to this lineation is top-to-NE. In addition to the usual kinematic indicators (i.e., sigma clasts in the Garenstock Augengneiss), the snowball garnets observed in quartzitic-micaschists of the cover series are spectacular (Fig. 8d, e) . The identical top-to-N shear sense criteria are observed in both limbs of the map-scale F Z fold. This observation, with the northeast-southwest fold axis, supports a reorientation of the structures during the final step of D Z . Later D L and D C deformations are only weakly discernible on Hennasädel hill. This area is essentially devoid of these deformation phases; they are more developed to the northwest.
The contact with the Trescolmen Fm. on the top of the isoclinal fold in Fig. 7 is not clearly in stratigraphic contact with the Mesozoic. However, there is no sign of post-S Z shear indicators or brittle fracturing, as would be expected if this structure was a late, post-D Z thrust. We propose that this geometry indicates a paleofault.
Plattenberg
Of primary interest in the Plattenberg area (Figs. 9, 10) are the impressive outcrops of Internal Mesozoic (Fig. 11a ) with multiple folding visible at map scale (Figs. 10, 11b ). Heim (1891) described the dolomites between Plattenberg and Passo Sorreda, and Jenny et al. 1923 and Egli (1966) mapped this area in detail. Löw (1987) provided the first modern structural analysis of the area and defined the commonly used deformation phases. The cross-section (Fig. 10) is based on the new mapping at the 1:5,000 scale ( Fig. 9 ) and the new structural analysis.
The Garenstock augengneiss forms the Palaeozoic basement in this area. This augengneiss contains a few eclogite boudins. The Mesozoic sediments of the Plattenberg represent the stratigraphical cover of the Adula nappe Fig. 6 Structure, geometry and kinematics of the northern Adula nappe (Central Alps) with well-defined formations (Fig. 11a , Online Resources 1 and 2, Cavargna-Sani et al. 2010). The basement-cover contact is underlined by a transgressive quartzite representing the base of the Triassic (Fig. 11a) , with paleosolic and clear weathering alteration of the basement under the contact. A detailed description can be found in Online Resources 1 and 2 and in Cavargna-Sani et al. (2014) .
The structure of the area is dominated by map-scale folds affecting Mesozoic sequence and basement gneisses. The oldest obvious structures visible in the Plattenberg area are D U isoclinal folds (Fig. 11b) . These folds are associated with an S U schistosity. The quartzite and dolomitic breccia of the Plattenberg Fm is very suitable for structural geology analysis; this formation preserved a pronounced bedding and is less deformed by later D L deformation. The F U folds are clearly refolded by F Z isoclinal folds, as can be observed at the outcrop scale (Fig. 11b ) and map scale (Figs. 9, 10 ). Outside the interference patterns, the main pervasive schistosity in most rock types is attributed to S Z . The F Z folds form clear interferences with the younger F L at outcrop scale ( Fig. 11b ) and map scale (Fig. 10) . Leis phase folds are the main structural feature of this area, and they form kilometre-scale closed to tight folds (Fig. 10) . The fold geometry is strongly influenced by the competence contrast between the different rock types (especially between the more competent dolomite and the Garenstock Augengneiss). An axial plane S L cleavage is developed in F L fold hinges, varying from a crenulation cleavage to a mineral foliation (Fig. 11c, d) . A northeast-plunging, stretching L L lineation is sometimes associated with S L . The late D C forms rather open folds locally associated with a crenulation cleavage. This phase refolds all the previously described fold phases. Fold interferences can also be observed at the map scale (Fig. 10) .
The autochthony of the cover series with respect to the basement (Fig. 11a ) enables us to distinguish and interpret the earlier deformation phases. Löw (1987) defined the Sorreda phase as one that is responsible for the tectonic inclusion of Mesozoic slices in the basement rocks. However, these basement-cover contacts are not a tectonic. The formation of the Internal Mesozoic in the frontal part of the nappe is infolded due to F U and subsidiary F Z synclines, the Mesozoic cover being in stratigraphic contact with the basement. The overall Plattenberg Internal Mesozoic outcrops can be roughly described as an F U syncline refolded by the subsequent deformation phases. The original connection of this syncline to a hypothetical ''external Mesozoic'' is eroded. The geometry of the folding interference pattern proposed at the map scale by our cross-section (Fig. 10) can also be confirmed at the outcrop scale (Fig. 11b) .
3.5 Nappe-scale geometry and structures
The investigations at the scale of the entire Adula nappe are primarily based on the nappe-scale cross-sections Fig. 12 . The orientation of the main structural features (fold axes, lineations and schistosity) is indicated on the geological map (Fig. 2) and summarised in stereographic projections (Fig. 13) . The axial traces of the main map-scale folds of the northern Adula nappe are plotted on a map of the axial traces (Fig. 14) . The east-west crosssections (Fig. 12 , sections A-C) are perpendicular to the F Z fold axes. The north-south cross-sections (Fig. 12 , sections 1 and 2) are parallel to the stretching lineations and also correspond to the classical sections published by Jenny et al. (1923) , later actualised and completed by Nagel et al. (2002a) for the southern part. The cross-sections of the frontal part of the nappe (Fig. 12, sections 3 and 4) are perpendicular to the F L and F C fold axes.
The occurrences of the Internal Mesozoic and the Permian Zervreila orthogneiss are the main markers of the nappe geometry. The Internal Mesozoic of the Adula nappe has been studied in several localities of the northern part of Fig. 9 Geological map of the Plattenberg area. The coordinate system is the metric Swiss grid (CH 1903) the nappe, and stratigraphic sections are given in Online Resources 1 and 2.
The geometry at nappe scale unveils some structural relationships that are locally obliterated by the intense Zapport phase deformation at outcrop scale; e.g. the discordant intrusive geometries of the Zervreila orthogneiss is clear at map scale (Egli 1966; Löw 1987; Cavargna-Sani et al. 2014) but cannot be detected at smaller scale.
The earliest nappe-scale deformation is outlined by the Internal Mesozoic. The development of the Internal Mesozoic is essentially due to a ductile folding related to the Ursprung phase as demonstrate by the structural relations at outcrop-scale. The meter-size boudins of the Internal Mesozoic on the top of the central Adula are aligned on the same structural planes and restricted to the upper part and the frontal part of the nappe. The lithological boundaries and the Internal Mesozoic on the top of the central part of the nappe have a steeper dip angle to the north than the upper nappe boundary (Fig. 12, section 1) . This nappe-scale geometry has also been represented in previously published cross-sections (i.e. Jenny et al. 1923 ) Nagel (2008) , named it ''forward-dipping-duplex geometry''. This geometry is compatible with a the top-to-S ductile shear (Ramsay 1980) . Fig. 10 Cross-section of the Plattenberg area. The crosssection trace is indicated in Fig. 9 The Adula nappe has a Triassic overturned sedimentary cover (Fig. 15 ) on a segment of the inverted limb of the Adula nappe (Fig. 12, section 2 ). This part of the inverted limb is the only segment of the nappe boundary with a recognizable and developed autochthonous sedimentary cover that is not part of the Internal Mesozoic. To the south, the Forcola line (Fig. 1) is also a discordant structure at the top of the nappe. It is not part of the structure described above because the Forcola line is a much younger structure (Meyre et al. 1998; Ciancaleoni and Marquer 2006) . F Z forms an isoclinal recumbent west-closing fold at the nappe scale (Fig. 12, section A) . This section demonstrates that the foremost geometry of the northern Adula nappe is a Zapport phase fold-nappe. In the frontal part, the synclines formed by the Internal Mesozoic are related to F U and also F Z synclines (Fig. 12, sections 1, 3 and 4) . The connection of these synclines with the nappe boundary is not observed.
Large map-scale F L are essentially developed in the northwest Adula nappe (Fig. 12, sections 1-4) . In contrast to the previous phases, D L is not restricted to the Adula nappe and also affects the tectonic contact with the adjacent tectonic units. In the frontal part of the nappe, F L and F Z produce several complex fold interference patterns (Fig. 12, sections 1, 4, B, C) . The staurolite isograd (St 1 / St 2 isograd of Nagel et al. 2002b , Fig. 14) , indicative of the Barrovian metamorphism, crosscuts the central Adula nappe. It is not deformed and, therefore, postdates most of the nappe deformation. The F C antiform is obvious at the front of the nappe (Figs. 12, sections 1-4, 10). This late folding affects the overlying nappes, but it disappears downward and does not propagate in the nappes underlying the Adula nappe (Fig. 12, section 2) .
Tectonic evolution of the northern Adula
Leis and Carassino-nappe front and post-nappe folding
The younger Leis and Carassino deformation phases postdate the deformation phases related to nappe emplacement. The Carassino antiform is a northwest-vergent nappe-scale fold (Fig. 16a) in the frontal part of the Adula nappe and in the nappes directly on top of it. This fold corresponds to the last north-directed ductile shear at the Adula nappe front. Deformations related to back-folding, such as the Claro and Cressim folds (Nagel et al. 2002a) , are not observed in the northern Adula nappe. The Leis deformation phase is characterised by nappe-scale northwest-vergent folds (Fig. 16b) visible at the front of the nappe. In the central part of the nappe, the folds are smaller, restricted to the outcrop scale and north-vergent. This observation suggests a north-directed ductile shear as a continuation of the Zapport phase. These folds partially refold the nappe boundary, suggesting that they post-date nappe emplacement, at least for the final steps of the Leis phase deformation. The structural orientations (Fig. 13 ) reveal a reorientation of the Zapport phase structural features in the northern part of the nappe. In the central part of the nappe, the stretching lineation directions and the fold axes related to the Zapport phase have a constant north-south orientation. The orientati0on of the structure becomes more variable The Barrovian metamorphic conditions in the Adula nappe, the greenschist facies in the north and the amphibolite facies in the south (Fig. 14) were achieved by decompression from the high-pressure metamorphic peak without significant reheating (see the discussion in Nagel 2008). The Leis deformation phase predates the peak Barrovian event and is also associated with decompression (Löw 1987; Nagel 2008; Nagel et al. 2002a ). The Carassino deformation phase is not related to specific metamorphic conditions because no specific mineral growth is associated with it.
The age of the Leis deformation postdates the major decompression events at *32 Ma (Hermann et al. 2006; Liati et al. 2009 ) and predates the backfolding event occurring in the southern Adula (the Novate granite postdates the backfolding at *25 Ma, Liati et al. 2000) . The Carassino antiform (Fig. 16e) is younger than the Leis deformations, but a more precise age cannot be suggested.
Kinematic interpretation of the nappe emplacement
The Zapport deformation phase produces the most pervasive structures in the entire Adula nappe (see also Löw 1987; Nagel 2008; Nagel et al. 2002a ). This phase represents the main schistosity that carries a north-south stretching lineation. The Zapport phase is associated with a top-to-N movement attested by widespread and clear shear sense indicators. The overall Zapport phase fold-geometry of the central part of the Adula nappe suggests a fold-nappe formation related predominantly to this phase.
We interpret the Zapport deformation as the consequence of a ductile north-directed fold-nappe emplacement (Fig. 16b, c) . The exhumation and nappe emplacement of the Adula during the Zapport phase is concomitant with decompression from the peak pressure (1.0-1.3 GPa, 450-600°C in the Vals region and *2.2 GPa, *650°C in the Alp da Trescolmen) through a single P-T loop (Löw 1987; Meyre and Puschnig 1993; Meyre et al. 1999; Nagel et al. 2002b; Zulbati 2008) . Therefore it postdates the highpressure event of *38 Ma (Herwartz et al. 2011) .
The Ursprung phase is mainly characterized by Internal Mesozoic synclines in the upper and frontal part of the nappe. This phase has obvious folding interferences with the Zapport phase. The Zapport phase strongly overprints the outcrop-scale Ursprung structures so that no stretching lineation and shear-sense indicator can be clearly related to the Ursprung phase. Nevertheless, the north-dipping geometry of the Internal Mesozoic synclines linked to the Ursprung phase agrees with a top-to-S ductile shear on the top of the nappe (Fig. 17b) . In this situation, the peculiar geometry at the top of the nappe results from the combination of the top to the south Ursprung shear and the top to the north Zapport shear. It is not caused by processes resulting in a tectonic mélange, as previously suggested (e.g., Tromsdorff 1990 ). The opposite shear senses can explain why the Ursprung phase was not completely obliterated by the later pervasive Zapport phase in the upper limb of the nappe. Instead of being completely parallelized by high strain, the discordance between the Ursprung-related Internal Mesozoic synclines and the upper boundary of the nappe was preserved or even increased by the opposite shear related to the Zapport phase. The metamorphic conditions in relation to the Ursprung phase have not been established, consequently the kinematic interpretation is based on structural criteria (mainly fold superimposition) and not on crystallisationdeformation relationships. The inverted limb of the nappe exhibits a stratigraphic contact of the cover series, in contrast to the frontal part and the top of the nappe. The Internal Mesozoic synclines and boudins are also totally absent from overturned limb of the nappe. We interpret the geometry of the cover series in the Adula nappe (Internal Mesozoic) as the result of a topto-S shear forming the deep synclines in the upper normal limb (Internal Mesozoic, ''forward-dipping duplex geometry'') associated with the formation of an inverse limb by top-to-N shearing. We associate the initiation of the Adula fold-nappe with an extrusion (opposite shear sense in each limb of the nappe) during the Ursprung phase (Fig. 17b) .
The deformation mechanism that created the Middle Penninic nappes and the North Penninic sedimentary nappes (on the top of the Adula nappe) points to nappe emplacement supported by narrow basal shear zones (Schmid et al. 1996; Schreurs 1993; Mayerat Demarne 1994; Scheiber et al. 2012 ). The deformation mechanism in the Lower Penninic basement nappes (including the Adula nappe) points to the formation of fold-nappes (Argand 1916; Steck 1990; Escher et al. 1993; Schmid et al. 1996; Rütti 2003) , which suggests that the Middle Penninic nappes (Suretta, Tambo and Schams), the North Penninic sediments and the units forming the Piz Terri-Lunschania zone are detached from their substratum and accreted in the accretion prism due to narrow basal shear zones. This early detachment prevented deeper subduction. These observations illustrate the following two types of Alpine nappes as suggested by Escher et al. (1993) , which can also be applied to the classic Central Alpine section (Schmid et al. 1996) : (1) detachment and accretion in the subduction prism of the thrust-nappe and (2) ductile deformation at the nappe scale leading to fold-nappes. In a subduction zone, we can imagine the detachment of several ''superficial'' units, while the rest of the slab continues its subduction until it is deep and warm enough to form a fold-nappe. We suggest that the kinematics of the extrusion of these fold nappes are a combination of pure and simple shear driven by buoyancy forces in a subduction channel caused by the light continental crust subduction (beginning of the subduction of the European crust). The first (southernmost) continental crust to undergo ductile deformation, without basal detachment, in the eastern Lepontine transect is the Adula nappe (Fig. 16b) (Nagel et al. 2002b) . The coordinate system is the kilometric Swiss grid (CH 1903) . b Structural measurement subareas (Fig. 13) . Grey rectangles indicate the position of the detail maps (Figs. 3, 6, 9) phase is almost certainly a result of the peculiar position of the Adula nappe.
The Mesozoic Adula paleogeographic domain
The detailed study of the Adula cover reveals a coherent sedimentary sequence in which several stratigraphic groups can be defined. For the following discussion, the reader is referred to Online Resources 1 and 2, where several stratigraphic sections are described. The quartzite, ubiquitous at the base of the Mesozoic sections, represents the transgression and the beginning of the first sedimentary cycle. The quartzite is also the most fundamental marker evidencing the autochthony of the cover with respect to the basement. Stratigraphically overlying the quartzite, a metre-thick meta-limestone with thin dolomitic beds is observed in the sections of Usser Rossbodma, Hohbüel, and the Inder Rossbodma. It is interpreted as a reduced equivalent of the St. Triphon Fm. (Baud 1976 (Baud , 1987 . On top of this sedimentary group, the Dolomie Bicolori Fm. (Bianconi 1965; Galster et al. 2012 ) is constant and typical in every section.
This first sedimentary cycle of the Adula nappe has to be assigned to the Triassic-facies of the North-Penninic realm zone (Galster et al. 2012 ). This facies was most probably deposited between the Helvetic and the Briançonnais Triassic domains (Fig. 18) .
Lower and early Middle Jurassic sediments are not observed in the Adula nappe. These sediments are, however, well developed in the nappes that represent the adjacent paleogeographic domains (Baumer et al. 1961; Steinmann 1994 , Galster et al. 2012 . The lack of these sediments in the Adula nappe is possibly due to later emersion and erosion. The Adula domain could represent a mid-Jurassic rise at the southern limit of the more or less normal European crust, immediately north of the hyperextended margin (Fig. 18) . Emersions in the Alpine context are generally observed during the Middle Jurassic and are linked to the uplift of horst-like blocks in an extensional regime, e.g., in the Briançonnais domain (Baud and Masson 1975) , the Teggiolo zone (Matasci et al. 2011 ) and the nearby Garzott slices (Galster et al. 2012) .
A second group of metasediments originally covering the basement of the Adula nappe is visible in the Plattenberg and the Hennasädel sedimentary series. The Plattenberg breccia and the Hennasädel post-Triassic sandstone represent a transgressive sedimentary cycle over an eroded surface of the Triassic Dolomie Bicolori (Cavargna-Sani et al. 2010) . The Plattenberg breccia is most likely a sedimentary formation related to a local depocenter, as suggested by the abundance of angular elements. These sediments reveal the existence of a paleorelief. The Hennasädel is the only section that displays a thick, purely calcitic, marble formation in the post-Triassic sequence. A thinly bedded sandy marble occurs at its base and records a transition from the sandstone to the pure massive marble. Above the pure marble, we observe an alternation of beds of yellowish impure marble and calcschist. A similar transition is observed in the Helvetics (e.g., Anatra 1986). It is comparable to the Quinten Formation in the Helvetics, the Sevinera marble in the Teggiolo zone (Matasci et al. 2011) , and the massive Malm limestone of the Subbriançonnais domain. This second sedimentary cycle cannot be dated in the Adula nappe; by parallelism to the nappes in a similar paleogeographic position (cited above), we ascribe the deposition of this second sedimentary group to Middle Jurassic-Berriasian time.
A third stratigraphic group is deposited over a discordant surface detectable at the cartographic scale (Online Resource 1). The unconformity at the base of this third cycle is comparable with those occurring below the North Penninic Flysch (e.g., Niesen nappe, Badoux and Homewood 1978; Valais s.s. of the Tarentaise, Antoine 1971; Teggiolo zone, Matasci et al. 2011; Monte Leone cover, Carrupt 2003 ; and in the Helvetic Wildhorn nappe, Stacher 1980) . The third sedimentary cycle is dominated by detrital rocks and is grouped under the loose term ''flysch'' s.l., although real turbidites were never described. Most likely, these sediments are the result of complex mechanisms of sedimentation that combine the effects of both downslope and bottom currents. Noteworthy is the presence of pebbles of pure limestone (similar to the pure marble of the Hennasädel section), suggesting the erosion and resedimentation of the Upper Jurassic limestone and pointing to a post-Upper Jurassic age of these formations. However, the sedimentation of the flysch group of the Adula nappe cannot be correlated directly to the typical North Penninic Flysch. The Niesen Flysch (Ackermann 1986 ), the Gurnigel-Schlieren Flysch (Trümpy 2006 ) and the Arbalatsch Flysch (Ziegler 1956 ) are thick and rather monotonous stacks of typical turbidites. The Adula ''flysch'' most likely is to be compared with the well-bedded and predominantly fine-grained siliclastic sediments of the Sion-Courmayeur zone (Trümpy 1954; Jeanbourquin and Burri 1991) or the lower part of the Teggiolo calcschists (Matasci et al. 2011 ).
The cover series represent the most important markers for the study of the Alpine structures of the Adula nappe. Primarily, our observations exclude the postulate that the northern Adula nappe represents an Alpine tectonic mél-ange, mixing different elements originating from several paleogeographic domains. Additionally, the stratigraphy of the Mesozoic cover of the Adula nappe reveals a complex Jurassic syn-rift sequence (Cavargna-Sani et al. 2010 ; Galster et al. 2012) . The extensional features inherited from this rifting period definitely influenced the later Alpine structures (e.g., Krayenbuhl and Steck 2009; Bellahsen et al. 2012) .
Conclusions
The northern Adula nappe is characterized by a complex sedimentary history followed by four ductile deformation phases that featured the present-day geometry. The Carassino phase produces the youngest structural features, principally characterized by a N-vergent antiform in the front of the Adula nappe. The Leis phase is related to nappe-scale folding and N-directed shearing which postdate the nappe emplacement. The nappe emplacement occurs during the Zapport phase and the Ursprung phase. The Zapport phase produces the main structural features with isoclinal folding and a strong N-directed shearing that produces a mylonitic fabric. The emplacement of the recumbent, N-closing Adula fold-nappe is ascribed to this deformation phase. The newly defined Ursprung phase is the first Alpine ductile deformation. This phase is responsible for the formation of synclines of Mesozoic autochthonous sedimentary cover deeply folded within the Adula nappe basement. The geometry of these synclines highlights the top-to-S shear occurring during this phase. The detailed study of the Internal Mesozoic reveals a complex Jurassic syn-rift sequence related to extensional structures (i.e. half-graben) that have definitely influenced the later Alpine structures. The peculiar deformation history, the intense deformation and the presence of high-pressure rock of the Adula nappe is the consequence of the structural position within the Alpine collisional wedge, at the top of the Lower Penninic gneiss-nappes stack. The Adula nappe is part of a major ductile shear zone between the North Penninic sediments and the Briançonnais derived nappes (Tambo and Suretta). Hovewer, the coherent stratigraphy and internal structure exclude to consider the formation of the northern Adula nappe as beeing the result of chaotic Alpine tectonic mélange. Structure, geometry and kinematics of the northern Adula nappe (Central Alps)
